We propose a simple method for the efficient and rapid synthesis of one-dimensional hematite ( Fe 2 O 3 ) nanostructures based on electrical resistive heating of iron wire under ambient conditions. Typically, 1-5 μm long -Fe 2 O 3 nanowires were synthesized on a time scale of seconds at temperatures of around 700 °C . The morphology, structure, and mechanism of formation of the nanowires were studied by scanning and transmission electron microscopies, energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, and Raman techniques. A nanowire growth mechanism based on diffusion of iron ions to the surface through grain boundaries and to the growing wire tip through stacking fault defects and due to surface diffusion is proposed. In addition, -Fe 2 O 3 has many other uses including in nonlinear optics, gas sensors, and as a pigment [13 15]. The growth of -Fe 2 O 3 nanowires (NWs) has been carried out mainly on pure iron foils/plates or powder in a heated and well-controlled environment, i.e., at a certain partial pressure of particular gases or under vacuum conditions [13, 16 22]. Typical time required for the synthesis of a dense NW "forest" by oxidation of pure iron range from hours to a few tens
In addition, -Fe 2 O 3 has many other uses including in nonlinear optics, gas sensors, and as a pigment [13 15 ]. The growth of -Fe 2 O 3 nanowires (NWs) has been carried out mainly on pure iron foils/plates or powder in a heated and well-controlled environment, i.e., at a certain partial pressure of particular gases or under vacuum conditions [13, 16 22] . Typical time required for the synthesis of a dense NW "forest" by oxidation of pure iron range from hours to a few tens Nano Res (2009) 2: 373 379 of hours. Recently, a new way of rapid NW synthesis by direct plasma oxidation of bulk materials was proposed [23, 24] . However, this method is complicated, since it requires both vacuum conditions and equipment to create plasma under controlled conditions. Here, we propose a very simple method, which does not require any complicated equipment or a controlled atmosphere, since the synthesis can be carried out using a basic DC power supply (such as a car battery or a set of household batteries) under ambient conditions; the process of NW formation is very rapid, with a typical growth time of a few seconds, and with a very little energy consumption. The method is described in detail in the Electronic Supplementary Material (ESM).
In spite of intensive research into one-dimensional structures of metal oxides in particular and NWs in general, our understanding of the mechanisms of their formation and growth is still incomplete. Our method affords the possibility to investigation the NW growth. The morphology, structure, and nanowire formation were examined by scanning and transmission electron microscopies (SEM and TEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and Raman techniques.
Iron oxide NWs were grown by resistive heating of iron wire (99.99% and 99.5%, Goodfellow) with a diameter of 0.25 mm under ambient laboratory conditions. The growth was carried out by applying a potential difference of 2.7 7.8 V (with a current of 2.5 2.6 A) to 5.8 15.0 cm long Fe wires. It is important to note that the synthesis can be easily controlled by observing the color of the wire and by varying the applied heating power (see the ESM). SEM observation of the wire after the synthesis of the reddish material revealed that the wire was completely covered by NWs (Fig. 1) . The NWs had a sword-like shape, i.e., they are belt-like structures, which are thicker at the base and thinner at the end. EDX analysis confirmed that the NWs consisted of oxygen and iron (see ESM). A bright-fi eld TEM image ( Fig. 2(a) ) showed that typical length of the NWs was about 1 5 μm. High-resolution TEM images (with their Fourier transform shown as an inset) were consistent with the rhombohedral crystal structure of -Fe 2 O 3 ( Fig. 2(b) and ESM). A tilt series of electron diffraction patterns from an individual NW (Fig. 2(c) [21] . Detailed TEM investigations showed that the NWs are single-crystalline with stacking faults oriented along the wires (see ESM).
In order to confirm the formation of an -Fe 2 O 3 phase we carried out XPS measurements. The binding energy scale was referenced to the characteristic carbon 1s binding energy of 285 eV ( Fig. 3(a) ). The Fe 2p 3/2 maximum was found at approximately 710 eV and the first satellite peak at 719 eV ( Fig. 3(b) ). The positions of these peaks as well as the shape of the Fe 2p spectrum agree well with those for the Fe 3+ state reported in Ref. [25] . The presence of two states of Fig. 4(d) ) [28] . This layer was found to be fairly porous. The third layer is about 10 μm thick and gives the only peak at 645 cm 1 corresponding to FeO (Fig. 4(e) ). Spectra from the core of the iron wire under the oxide layers, which were peeled off, did not show any Raman signal, which suggests that the core consists of a pure iron phase. These results show that the oxidation state of iron increases from 0 to +3 on going from the core to the upper layer.
As mentioned above, the growth of -Fe 2 O 3 NWs is generally a time-consuming process [13, 16 22] . Our method, based on rapid wire heating from ambient temperature to the optimum synthesis temperature allowed us to determine the maximum NW growth rate. For this purpose, we applied a potential difference to wires (to heat them up to 700 °C) for a certain period of time (the growth time). After this time, the wires were rapidly cooled down by switching the power off. Surprisingly, after only 2 s growth time, -Fe 2 O 3 NWs with a length of about 200 nm were already found on the surface of the treated wires (see ESM). Thus, it can be concluded that the growth of -Fe 2 O 3 NWs is a rapid process with the growth rate exceeding 100 nm/s. A very dense NW forest was produced after 40 s and no significant changes were observed when heating time was further increased. This rapid NW growth is oxygen in the samples is shown in Fig. 3(c) . The main peak at 529.5 eV most likely corresponds to O 2 in the iron oxide lattice. The second broad feature is shifted by about 2 eV to higher binding energy and can be attributed to OH or adsorbed oxygen [26] . Thus, the XPS analysis confi rmed the formation of a Fe 2 O 3 phase. Raman investigations of the cross-section part of the wire revealed the formation of different layers during the NW growth (Figs. 4(a) and 4(b) ). The spectra showed that the upper layer of the wire consists of mainly -Fe 2 O 3 as can be seen in Fig. 4(c) . The enhanced growth at temperatures of around 700 °C coincides with the results observed by Takagi [22] . However, in our case the growth rate is about one order of magnitude higher than the maximum rate in an oxygen atmosphere reported by Takagi. This can be explained by the different heating speeds and temperature profiles across the wires: in our method the wire was rapidly heated from below the surface, providing a higher temperature gradient across the wire compared to that obtained with conventional furnace oxidation techniques. Another important reason is the presence of water and CO 2 in ambient air, which can increase the rates of formation and growth of NWs [29] . NW growth is usually described by either vapor solid or vapor liquid solid mechanisms [30 36 ]. In our case, the NW synthesis occurred at low temperatures (significantly lower than the melting temperatures of both iron and its oxides) and at negligibly small equilibrium pressures of iron vapor above pure metal or its oxides and therefore cannot be ascribed to any of these mechanisms. NW growth during iron oxidation has also been explained by the stress driven mechanism [13, 17, 20 22] , in which a relaxation of the large stress results in NW formation generated by dislocation slips. Substantial stresses are expected to be accumulated on the interface due to structural and density differences [17] . In the stress driven mechanism, it is believed that the upper layer provides a path to release the stress in the form of NWs. However, simple estimations of the density of different oxide layers show that the volume increase in the FeO layer is 77% with respect to Fe, the volume of Fe 3 O 4 shows a 255% increase with respect to FeO, while the formation of Fe 2 O 3 is accompanied by a 32% decrease in the molecular volume. This means that the stress should be mainly accumulated in the Fe 3 O 4 and FeO layers and cannot directly affect the growth of the NWs. Figure 5 shows our understanding of the NW formation conditions and a suggested mechanism for their growth on the basis of our experimental results and literature data. The formation of NWs occurs when three layers of iron oxides are gradually formed by oxidation of iron. We believe that the growth of NWs is determined by diffusion processes. The driving force determining the motion of iron and oxide ion species is the potential difference appearing during the wire oxidation process. The electric field strength between iron and Fe 2 O 3 layers can reach values as large as 10 6 V/cm [37] .
It is worth noting that the electric field arising during resistive heating of an iron wire is about six orders of magnitude lower and thereby cannot significantly affect the ion motion across the wire. The most efficient growth of -Fe 2 O 3 with a high density on the surface of the iron wire was found at temperatures of about 700 °C. Formation of NWs was detected even after 2 s. The NW growth rate was estimated to exceed 100 nm/s, which is about one order of magnitude higher than the maximum rate reported previously. It was found that NWs grew in the [110] crystallographic direction and contained stacking faults along the NW direction. A mechanism of NW growth based on the diffusion of iron ions to the surface of wire through grain boundaries and to the tip of the growing NW through stacking faults and by surface diffusion is proposed.
and diffusion of oxide ions in the opposite direction [37, 38] . At certain temperatures, grain boundaries in the FeO and Fe 3 O 4 layers, likely formed due to the oxidation stress, could be responsible for higher diffusion rates compared to lattice diffusion [38] . In the initial stage, the Fe 2 O 3 phase might grow in all directions; however, further growth only occurs in the [110] crystallographic direction as this is energetically most favorable [21] , involving easier diffusion and favorable stacking. It is worth noting that the presence of stacking faults in the growth direction supports our proposed mechanism, since the diffusion rate is enhanced in crystal defects at elevated temperatures [39, 40] . Another path for iron ion delivery to the top of the growing NW is surface diffusion. The sword-like shape of the NWs confi rms that the growth is determined by a diffusion process from the bottom-where the NWs are thicker-to the top, where they become thinner.
In conclusion, we propose a very simple method 
